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Abstract 
Ring rolling can be used to manufacture cylindrical, conical and profiled rings. However, due to its nature, it is limited to 
forming only axisymmetrical rings. If the application requires an oblique ring, it has to be machined from a straight ring, which 
is associated with substantial loss of material and high machining cost. A new metal forming process is proposed that converts a 
straight ring into an oblique ring and, therefore, saves both the material and the machining effort. To check feasibility of this 
process, a finite element simulation was carried out. The simulation results, in terms of the final shape of an oblique ring and 
the maximum equivalent plastic strain, proved feasibility of the process. Physical modelling experiments using Al 1070 were 
also successful. 
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1. Introduction 
The common method of producing large metal rings with high properties is ring rolling. Ring rolling can be 
used to manufacture cylindrical, conical and profiled rings, Stanistreet et al. (2006), however, due to the nature of 
the process, these can only be axisymmetrical rings. If the application requires an oblique ring, for example to be 
used for a swivel duct bearing race, it has to be machined from a straight ring, which is associated with substantial 
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loss of material and high machining cost. To illustrate the possible material loss, Fig. 1a shows the cross-section of 
a required oblique ring and, using a dashed line, a straight cylindrical ring necessary for the oblique ring to be 
machined. 
 
 
 
 
Fig. 1. Cross section of oblique ring and initial straight ring required for: (a) machining of oblique ring; (b) forming of oblique ring. 
To reduce the material loss due to machining, a thinner straight ring could be used and plastically formed into 
an oblique ring. To illustrate the possible material savings, Fig. 1b shows the cross-section of a required oblique 
ring and, using a dashed line, a straight ring necessary for the oblique ring to be plastically formed. The amount of 
the material saved depends on how much obliqueness is required but it could be easily 50% as illustrated in Fig. 1. 
One possible method of forming an oblique ring might be non-axisymmetric tube spinning as described by Xia 
et al. (2012). However, it requires a specialised spinning machine and is better suited for long, thin wall tubes. The 
current paper proposes a simpler process appropriate for shorter and thick walled rings, based on non-
axisymmetrical expanding of straight rings. To check feasibility of this process, a finite element simulation was 
carried out. The simulation results, in terms of the final shape of the oblique ring and process forces, proved the 
concept and provided an insight into the process. Physical modelling experiments using aluminium 1070 have been 
successfully performed and the results compared with the simulation. 
2. FEM analysis 
2.1. Model 
To check whether the proposed process is feasible, finite element analysis of forming of a model oblique ring 
was undertaken. A commercial FEM program Abaqus/Explicit was used to simulate the elastic/plastic deformation 
of the ring. The tools were assumed to be rigid. The geometry of the initial straight ring and the die used in this 
simulation is shown in Fig. 2. The die geometry was imported from a CAD package using a neutral format. A 
tubular punch pushing the ring down the die is represented by a straight horizontal line. 
Fig. 2. Geometry of straight ring and oblique die: (a) cross section of both; (b) top view of die only. 
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Despite the symmetry of the ring's shape, the whole ring was simulated. It was divided into 44800 3D, 8-node 
linear brick elements, with reduced integration and default hourglass control (C3D8R). No adaptive meshing was 
attempted because of small plastic deformation. The material used in the simulation was aluminium 1070 deformed 
at room temperature. It was modelled as an elastic-plastic, isotropic, Huber/Mises material whose strain-hardening 
curve was 
  25.0001.0160 HV  .   (1) 
Friction was assumed to follow the Coulomb’s law, with friction coefficient μ=0.05. The punch velocity was 
set at 15 mm/s, which was approximately 40 times faster than in the following experiment, to reduce the 
computation time but at the same time avoid dynamic effects. Calculations were carried out with double precision. 
2.2. Results 
As a result of the punch travel down by 7.5 mm, a straight ring is pushed down on the oblique die and 
plastically deformed to assume the die shape. Fig. 3 displays the results of FE simulation in terms of the final 
shape and the equivalent strain distribution. The asymmetrical nature of the process is clearly visible, with the 
oblique side of the ring subjected to the largest strain, which however, is not more than approximately 0.16; the 
largest value of the circumferential tensile strain is approximately 0.12. This means that most ductile metals would 
be able to undergo this type of deformation without fracture. Geometrically, the outer top edge of the ring, in 
contact with the punch, is in one plane. The same cannot be said about the other three edges, which are slightly 
bent. Both faces of the ring are not flat, especially towards the oblique side of the ring. These distortions cause that 
none of the oblique ring edges is exactly a circle. 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Geometry and equivalent strain distribution for final stage of forming of oblique ring. 
To better understand material flow in this process, a sequence of snapshots showing cross section evolution on 
the oblique side of the ring is presented in Fig. 4a. The colour contours refer to the equivalent strain, with the same 
strain scale as in Fig. 3. It is interesting that the ring does not flow plastically by following closely the contour of 
the die but it is rather sliding, with the upper inner edge of the ring moving down the cylindrical part of the die 
while the lower inner edge of the ring following the conical part of the die. It means that at any given moment, 
except the last stages of the process, the ring is supported at only small die contact areas adjacent to those edges. 
This type of support causes the cross section of the ring to rotate. This has consequences regarding the upper and 
lower inner diameter of the ring (assuming the circular approximation). If the upper inner diameter has to remain 
the same as in the initial straight ring (53 mm), the process should stop as shown by the snapshot before the last 
one in Fig. 4a. This means that the lower inner diameter will not reach the maximum diameter of the die (57.2 mm). 
To achieve this value, the process has to continue further until the punch reaches the lowest position by travelling 
the whole distance of 7.5 mm as shown by the last snapshot in Fig. 4a. This, however, will make the upper inner 
diameter of the ring larger than 53 mm. 
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Fig. 4. Snapshots of cross section evolution and equivalent strain distribution during forming of oblique ring (a) and tool forces obtained by FE 
simulation and measured experimentally (b); points on force curve refer to snapshots. 
Another insight into the process can be achieved by analysing the process forces. Since the process has only one 
plane of symmetry, two components of the die force are expected, vertical and horizontal one. Fig. 4b shows the 
results for the die force components for two cases: process with friction (friction coefficient 0.05) and without 
friction. In the case with friction, the horizontal force is close to zero for more than half of the process and it only 
jumps slightly in the last stage of the process to remain constant till its end. Initially, the vertical force increases 
sharply due to elastic deformation but then it follows more or less a steady growth resulting from strain hardening 
of the material. Then a much faster growth of the vertical force is observed but eventually this growth tends to 
slow down again. Change of character of the vertical force seems to coincide with the jump of the horizontal force. 
Since points on the curve in Fig. 4b refer to process snapshots in Fig. 4a, the force history can be related to 
different stages of deformation. For the last two or three snapshots, the ring contact area with the oblique die 
changes its character from a two-edge support to a larger ring support in the middle of its height. In the case 
without friction, the horizontal force is virtually zero. This means that the way the ring is deformed is based on 
twisting by a moment, which does not produce a horizontal force. Thus, the horizontal force is entirely due to 
friction. The vertical force without friction is consistently lower than in the case with friction but its character 
remains the same. 
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Fig. 5. Tool set design (a) and initial straight aluminium 1070 rings: wire EDMed (b) and conversion coated (c). 
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3. Experimental validation 
To test the proposed process in practice and validate FE simulation results, an experimental rig was designed, 
using the same tool geometry as in the FE simulation (Fig. 5a). Since the die was made of the cylindrical upper 
part and the conical lower part connected together, only the conical part was referred to as the die further on; the 
cylindrical part was called a mandrel. The horizontal line representing the punch face in simulation has been 
replaced with a real punch in the form of a tubular element matching the mandrel in terms of its diameter as well as 
height. A flat base attached to the table of the press provided a stable support for the die and the mandrel. 
 
 
 
 
 
 
 
 
 
 
  
 
 
The initial straight rings were wire EDMed from aluminium 1070 disks (Fig. 5b). The discs were obtained by 
cutting a 37 mm diameter hot extruded bar into slices, compressing them to increase their diameter to 
approximately 60 mm and annealing to remove strain hardening caused by compression. The rings were then 
conversion coated with calcium aluminate (Fig. 5c) and covered with MoS2 before processing. This, together with 
an ample amount of MoS2 put on the tools, should reduce friction during the process to the level assumed in the 
simulation. 
The process sequence involved the straight ring to be put on the mandrel first and then followed by the punch 
until it rested on the ring (Fig. 6a). In this position, the punch top face was 7.5 mm above the mandrel top face. 
Next, an adjusting spherical tool was put on top of the punch to deal with any possible misalignment of the 
mandrel and the press axes. Finally the ram of a laboratory, hydraulic, 250 kN servo press was driven down at a 
constant speed of approximately 0.4 mm/s until the adjusting spherical tool reached the top of the mandrel causing 
a sudden force increase, which in turn, triggered an overload stop of the press. The final position of the punch after 
travelling 7.5 mm down, together with the deformed ring covering the die, is shown in Fig. 6b. 
 
 
Fig. 6. Forming of oblique aluminium ring: (a) start of process, (b) end of process and (c) deformed ring below initial straight ring. 
 
After withdrawing ram of the press, removing the adjusting tool and the punch, the formed ring was easily 
removed from the die and the mandrel because of ring springback. The oblique ring formed in this way is shown 
in Fig. 6c, together with the initial straight ring. The geometrical features of the oblique ring were consistent with 
those observed in the FE simulation. 
(a) (b) (c) 
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Another way of comparing experimental and simulation results was based on the punch force and the punch 
displacement being recorded during experiment. The force was measured using a load cell installed on the press, 
between its ram and the adjusting tool. Displacement was measured using an induction displacement transducer 
placed in the hydraulic actuator of the press. Since the transducer was far away from the deformation zone, it also 
recorded closing gaps and elastic deformation of various tool and machine elements between the punch and the 
transducer. That is why the displacement data was compensated taking into account the real punch travel of 7.5 
mm rather than the recorded one of 7.72 mm. Fig. 4b also displays the measured punch force so a comparison with 
the simulated vertical force can be made. The two forces are very close to each other and despite a relative ease 
with which the theoretical curve can be moved by changing the assumed material properties and friction, the basic 
shape of that curve follows the experimental trend. 
4. Summary and conclusions 
A new process has been proposed, simulated and tested, which converts straight rings into oblique rings. The 
process is based on a non-uniform twisting and stretching a straight ring along its circumference realised by 
pushing it onto an appropriately shaped oblique die. FE simulation has provided the first confirmation of process 
feasibility and provided insight into its nature. In particular, it was found that: 
(1) non-uniform equivalent plastic strain generated in the oblique ring reached the maximum value of 0.16 
(for the case analysed), which should not lead to fracture for ductile metals, 
(2) during most of the process, the ring is supported at only at two areas close to its inner edges, the upper 
one in contact with the cylindrical mandrel and the lower one sliding along the oblique die,  
(3) this causes rotation of the ring cross section, which generates distortion of the faces of the ring with the 
maximum value of this distortion observed for the most oblique part of the ring, 
(4) this also results in all edges of the oblique ring not being exactly circular, 
(5) the process enables the upper inner edge of the ring to remain circular provided the process is ended early, 
(6) alternatively, the process can be continued with the upper inner edge of the ring sliding along the die, 
(7) the horizontal force component of die reaction is nearly zero (exactly zero for the case without friction), 
(8) the lack of this component suggests that the main mode of deformation is twisting by a moment 
complemented by circumferential stretching, 
(9) the evolution of the vertical force component follows a characteristic curve, which after a steady growth 
due to strain hardening of the material shows an accelerated growth probably due  less twisting and more 
stretching, 
(10)  the level of this curve depends on material properties and friction. 
The experimental part of this research was carried out using the same data as in the simulation. Its realisation   
was relatively straightforward because of the simple tooling and simple tool kinematics. Good lubrication and 
simple operation of the rig made this experiment successful first time it was attempted. In particular: 
(11)  the punch force measured during the process was close to the simulated one in both the character and the 
level 
(12)  the ring was easy to remove after the process because of the shape of die and the ring springback, 
(13)  the oblique ring featured all the geometrical details predicted by the simulation. 
The proposed process can be applied to other materials and larger rings because of the low force required, 
however, harder and more brittle materials would have to be heated up. In this case, tools would have to be 
preheated and lubrication might be more problematic. An alternative approach could be based on reducing the 
diameter of an oblique ring, rather than increasing it. This would be more complicated in terms of tooling but 
particularly suitable for more brittle materials sensitive to tensile stresses. 
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